organic compost [5] , and AD (biogas) technology, which is a promising treatment method applied worldwide to convert biomass into biogas and organic digestate [6] . The produced compost from composting and digestate from biogas techniques can be used as biofertilizers that can replace chemical fertilizers, minimizing environmental pollution and health damage, enhancing crop yield (in conjunction with reducing costs involved in consuming nitrogen fertilizers), and consequently increasing revenue for farmers [7] .
The aim of this review is to identify the major problems of AW management in Egypt in order to propose effective bioconversion technologies to solve such problems. In this paper we have analyzed data derived from 74 pieces of literature, including four practical experiences in order to gather indications and evidence of successful performance of both composting and the AD process in treating Egypt's AWs.
Situation Overview

Agricultural Wastes in Egypt
The rural population in Egypt is about 53% of the total population in the country. From a total of 19.9 million working Egyptian citizens, there are 11 million living in rural areas. About 51% of the 11 million participate in agriculture and the rest in trade, services, and rural industries. The population of the people exposed to poverty in Egypt is about 10.7 million inhabitants, from which 70% live in rural areas -especially in Upper Egypt [8] . In the country, the average temperatures over the northern coast vary from a minimum of 9.5ºC to a maximum of 17ºC during winter, and in summer from a minimum of 23ºC to a maximum of 32ºC. In the central and the southern parts, daytime temperatures are hotter, especially in summers where the average high temperatures can exceed 40ºC [9] . Data over agricultural residues in Egypt are scattered throughout the literature [10] . Data on AWs in Egypt reveal that there is an approximate amount of 33.4 million tons of waste generated annually (Table  1 ); in addition, there is an annual amount of animal waste consisting of about 11×10 6 tons of cattle manure and 2.3×10 6 tons obtained from poultry farms [5] . Furthermore, agro-industrial wastes such as bagasse of magnitude 4.7×10 6 tons result from sugar cane. This bagasse is mostly used for heat/electricity generation in the sugar mills, but with poor efficiency and black smoke emissions. In addition, there are about 1.6×10 6 tons of rice husk used as a source of energy for the milling process and sold as animal fodder [3] .
The Current Bioconversion of Agricultural Wastes in Egypt
A two-year survey of 143 villages representing the rural areas in Egypt revealed that there were no composting facilities in those villages, but the farmers participate in composting on an individual basis and use of food waste as animal fodder, but the most common practice is direct dumping (Fig. 1 ) on the banks of drains and canals [11] .
There are about 68 composting facilities in Egypt, but they are meant for processing domestic organic wastes, with a processing design capacity of 10 tons hour -1 each, but the total actual processed organic wastes represented by those facilities are <37% of the designed capacities [12] . On the other hand, anaerobic digesters in Egypt were mainly small-scale plants with a volume of 5-50 m 3 and they are either the Indian type for animal droppings or the Chinese type for crop residues and vegetable wastes, but recently these digesters have been modified into two-stage fermentation systems, fed with both animal droppings and crop residues; there are a few examples of large-scale digesters such as in Elgabal Elasfar [13] . The amount of digestate from anaerobic digesters is a little more than 40% of the original substrates by weight [14] . It has been concluded by that the two major flows of unused AWs in Egypt are rice straw and cattle/buffalo manure. These two waste streams can better be treated via a two-step biological process: firstly AD of manure mixed with rice straw and secondly composting the resulting effluent together with rice straw. In general, biological digestion of lignocellulosic materials in biomass needs pretreatment [16] ; because lignin covers cellulose and hemicellulose for the removal of both lignin and hemicelluloses, decreasing the crystallinity of cellulose makes it easy for enzymes to reach cellulose in order to increase hydrolysis efficiency [17] . The available pretreatment techniques are physical, chemical, or biological. Also, a combination of two or more pretreatment techniques has shown promising results; however, chemical and thermo-chemical techniques are currently the most effective and promising pretreatment methods for lignocellulosic materials [18] .
Energy and Fertilizers in Egypt
Energy consumption in Egypt in 2015 was dependent mainly on gas (53%), oil (41%), hydroelectric plants (3%), coal (2%) and renewable energy (1%). About 70% of Egypt's electricity is fueled by NG and the remainder by petroleum and renewable energy (mostly hydroelectricity). The country's electrical energy-generating capacity as of May 2015 was 31.45 gigawatts (GW) -slightly higher than the expected peak demand of 30 GW -and there is a need of oil and diesel fuel to cover the shortfall in summer months [19] . The total NG production of Egypt in 2015 was 57.6×10 9 m 3 , whereas consumption in the same year was 52.72×10 9 m 3 [20] . Egyptian production of fertilizers is 15.5 million tons, while consumption is 8.5 million tons, which indicates a surplus of 7 million tons. However, there is a crisis, because companies indulge in exporting in addition to the imbalance in the distribution mechanism [21].
Bioconversion through Anaerobic and Aerobic digestion
AD Process
This is a collection of processes through which microorganisms break down biodegradable materials in the absence of oxygen, and the majority of the chemical energy contained within the starting material is converted by methanogens into biogas to be used as a renewable energy, alongside a residue (digestate) rich in nutrients [22] . The (23) .
The optimal conditions of AD are pH 5.2-6.3 and C/N 10/1-45/1 in hydrolysis/acidogenesis, whereas in methanogenesis they are pH 6.7-7.5 and C/N 20/1-30/1. Temperature has to be 25-35ºC in hydrolysis/acidogenesis phases, but in methanogenesis it has to be 32-42ºC (mesophilic) and 50-58ºC (thermophilic) [24] . Furthermore, free ammonia (NH 3 ) resulting from anaerobic degradation of the nitrogen-rich protein components decreases the activity of methanogens [25] [26] . In order to avoid failure in the process of anaerobic digestion and to increase the yield of biogas, different AW streams must be mixed and treated together (co-fermented or co-digested) with industrial sludge or cattle slurry [27] . The potential benefits of co-digestion are the dilution of toxic compounds such as volatile fatty acids (VFAs) and NH 3 ; improving the balance of nutrients, improving the C:N ratio, and stabilizing digester performance by stabilizing the pH value [28] [29] [30] and increasing biogas yield [31] . The organic loading rate (OLR) is substrates fed per day per unit of digester volume and also defined as the amount of volatile solids (VS) or the chemical oxygen demand of substrates fed per day per unit of digester volume. A total solid concentration of 15.2% has been reported to lead to the highest yield of gas, but in case of fresh cattle dung employed as a mono substrate, it has to be mixed with water on a unit volume basis (1/1, water / dung) before feeding into the digester [21]. Mumme et al. [32] have documented that hydrolysis of complex organic matter into soluble compounds is the rate-limiting step of anaerobic processes for wastes with a high solid content, and according to Charles et al. [33] various physical, chemical, and enzymatic pre-treatments are required to avoid the challenges/difficulties due to the hydrolysis of lignocellulosic materials and increase substrate solubility; on the other hand, AD has some disadvantages such as long retention times and low removal efficiency of organic compounds [34] ; furthermore, it can cause some traffic problems, health and safety risks because of the pathogenic contents of feedstock/digestate, some explosion risks, and visual impact due to the large tanks. So the AD plants have to be placed and designed in a way that eliminate all previous risks and the digestate has be treated to become pathogen-free and stable with low odor [35] .
There are two types of fermentation, wet (10-25% dry matter), which is the most commonly used technique, and dry (30-40% dry matter) [36] , which is an emerging process [34] . AD can be either single-stage (all reactions take place in one chamber) or multiple stage (reactions take place separately) [37] . Multiple stage ADs have high efficiency [38] because of the enrichment of bacteria in each phase, degrading complex organics, stability, and no overloading [39] . The feedstock might be continuous (in both single and multiple stages) [37] or batch, which is simple, inexpensive, and assesses the rate of digestion easily [40] , but the disadvantages of batch process are high fluctuations in gas yield, gas quality, and biogas loss during emptying the bioreactors, and it restricts the bioreactor heights [41] .
Biogas produced from AD is a blend consisting by volume mainly of methane (CH 4 ≈ 60%), carbon dioxide (CO 2 ≈ 40%), and small traces of hydrogen sulphide (H 2 S), hydrogen (H 2 ), nitrogen (N 2 ), carbon monoxide (CO), oxygen (O 2 ), water vapor (H 2 O), or other gases and vapors of various organic compounds [42] . It has a density of 1.3 kg m -3 , ignition temperature 650-750ºC, explosion limits 6-12% gas to air, and it is flammable if it contains >45% CH 4 [43] . Practical and costeffective technologies are currently available to remove contaminants from biogas, including siloxanes that result from domestic wastes [44] . The calorific value of methane is 21-24 MJ/ m 3 , or about 6 kWh/m 3 of heat or 2 kW/m 3 electricity and the rest is heat, which is often used for cooking, heating, lighting, or electricity generation [45] . The energy content of 1.0 m 3 of purified biogas is equal to 1.1 L of gasoline, 1.7 L of bio-ethanol, or 0.97 m 3 of NG [46] . Digestate is the end product of digested material from a biogas plant rich in nitrogen (N), phosphorus (P), and potassium (K) in available form that can replace inorganic fertilizers after curing it aerobically, and afterwards screening it for any undesirable materials for quality improvement [47] . The quality of digestate depends on the nature of the waste substrate, for instance it can contain persistence organic contaminants if AWs contain pesticide residues or antibiotics, but it is rich in nutrients and it also helps in enhancing the humus balance in the soil, and dewatering the digestate produces bulky fibre with low nutrient concentration (low-grade fertilizer) and liquor with high nutrients (high-grade fertilizer). The bulky fiber can be used as a soil conditioner or further processed to produce high-quality compost [42] .
Aerobic Digestion (Composting)
It is the biological decomposition of organic materials by microorganisms under controlled aerobic conditions to a relatively stable humus-like material called compost, and the process is usually run as a batch process [48] [49] . It is suitable for AWs such as livestock manures, bedding, and various residual plant materials (straw, culls, or on-farm processing wastes). It has to take place in a well-managed process to obtain a valuable product with minimum negative environmental impacts. The composting process reduces AW volume, moisture content, viable weed seeds, insect larvae (flies problems), and odor; it also reduces/eliminates pathogens due to the high process temperature (thermophilic) and it produces a humus-like compost (40-50% of the starting substrate) with fine, moderate, or coarse texture and rich in nutrients to be used as a biofertilizer [48, 50] , which subsequently can be used in organic agriculture to produce a top-quality food by enhancing the environment and maintaining soil fertility [51] , which leads to increasing crops yield [49] . The duration of the composting process reaches 90 days, but it can also last for 75 days [52] . Moreover, it can take place within only 35 days in the case of composting AWs using microencapsulated bacteria and enzymes [53] . There are some factors that affect the composting process such as carbon-to-nitrogen ratio (C:N) 25:1-30:1, moisture content 50-60%, aeration (oxygen > 5%), temperature 54-60ºC, porosity 30-36, and pH 6.5-7.5 [54-55]. The most commonly used methods for composting are windrows, aerated static piles, and aerated bins (invessel composting).
Windrows are the most common method of composting, which involves stacking organic wastes into windrows that are turned periodically. It is a simple technique that requires few control measures other than monitoring temperature and moisture. Windrow height ranges 3-5 feet and the base width is about 10-15 feet and it can be mechanically aerated by turning the windrow. The minimum composting time is one month in the turned windrow followed by at least two months in a curing pile.
Aerated static piles in which the organic wastes are placed in piles that are aerated either by turning or by means of forced air through perforated pipes. Aeration rate may be gradually reduced to zero after four weeks.
Aerated bins (in-vessel composting) are either stirred (continuous flow) or unstirred (patch). Continuous-flow systems are more highly mechanized than batch systems and they produces well-stabilized end products within one month that should be cured in a stockpile for several weeks before use. Aeration in batch mode can also be provided throughout perforated pipe, with the air under positive or negative pressure [56] .
Results and Discussion
Analysing the Data Presented above Revealed the Following:
Agricultural activities in Egypt generate annually to about 46.7×10 6 tons of AWs (Table 2) , from which 52% are unused and improperly disposed of.
Composting facilities in Egypt deal mostly with organic domestic wastes and there are almost no composting plants in rural areas except for the participation of farmers on an individual basis in composting of organic matter. The most common practice is the direct dumping of AWs on the banks of drains and canals. Furthermore, AD is applied in small-scale plants with a volume of 5-50 m 3 , and they are insufficient.
There is a need for oil and diesel fuel to cover the shortfall of electrical energy in summer months. Meanwhile, NG production is almost enough for generating 70% of Egypt's electricity. Hence the Egyptian government has to take the growth of energy consumption in the near and far future into consideration. There is a crisis in the field of fertilizers in Egypt that could lead to negative impacts on agricultural activities.
Bioconversion via aerobic digestion converts AWs into compost; meanwhile anaerobic digestion can sustainably convert those wastes into biogas and digestate, with a minimum or no need for inducing heat energy for the process.
Suggested Scenarios
Based on these results, we proposed two scenarios to cope with the problem of the unused AWs in Egypt as follows:
First Scenario
Apply AD using a mixed substrate of food waste, fresh crop wastes, and cattle manure in the prevailing temperature, and construct either small-scale or semicentralized AD plants. When we apply the average yield of all discussed experimental studies and practical applications (520 m 3 ton 1 ), the total projected annual biogas yield from the unused AWs will be: (24.3×10 6 ) ×520 ≈ 12.6×10 9 m 3 ( Fig. 2) . In addition, the produced digestate will be 40% of total waste substrate as it is in the literature. So the projected annual digestate yield will be: (24.3×10 6 ) × 0.40 ≈ 9.7×10 6 tons (Fig. 3) . Afterward the produced digestate must be matured by a short aerobic digestion for quality to be guaranteed.
Second Scenario
It is the application of on-site composting plants directly after harvesting to use a fresh mixture of AW streams. Here we can also use either small-scale or semicentralized plants. The projected annual compost yield of the unused AWs (Fig. 4) from aerobic digestion when we apply the minimum average yield of 42% based on the experimental studies and practical applications will be: (24.3×10 6 tons of digestate, whereas by applying the second scenario of aerobic digestion, the same amount of AWs will be converted into 10.21×10 6 tons of compost. These two approaches can solve not only the problem of AW management but also contribute to minimizing the negative impacts on both environment and public health. Biogas from AD can add a substantial amount to Egypt's gas production for domestic use, covering the shortfall of electrical power and replacing oil and diesel fuel. Digestate from AD or compost from composting can add ≈ 60% of Egypt's total fertilizer production, increasing organic agriculture and crop yield by enhancing soil properties.
In the first scenario we propose anaerobic co-digestion, because the main concept of applying AD to convert AWS into a widely usable biogas as a clean and renewable fuel [57] , and a digestate to replace chemical fertilizers, thereby enhancing quality yield of agricultural crops and protecting the environment [58- [62] . It has also been shown that meadow grass with its biochemical methane potential value of 388 ±30 mL g
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has a yield increase of 114% when codigested with manure in a continuous stirred tank reactor [63] , and when a mixture of solid cattle slaughterhouse waste, manure, various crops, and municipal solid wastes are batch-digested in thermophilic process, a methane yield of 655 mL g was obtained [64] . The approximate biogas yield estimated in Denmark by co-digestion for harvest residues including straw, stems, sugar beet toppings, and fibrous mater is 375 m 3 ton -1 , and animal manure (dough) was 200-500 m 3 ton -1
; food industry waste, confectionary waste, and whey was 400-600 m 3 ton -1 ; slaughterhouse waste flotation sludge, animal fat, stomach and gut contents and blood was 550-1,000 m 3 ton -1
; waste from paper industry was 400-800; sludge from gelatin and starch production was 700-900 m 3 ton -1
; source-separated bio-wastes were 400-500 m 3 ton -1
; and market waste was 500-600 m 3 ton -1 [65] . Budzianowski [66] has reported that the concentration of CH 4 in biogas can reach 98-99% by the injection of coke oven gas to an AD reactor (COG-AD). Furthermore, Heo et al. [67] have experimentally demonstrated in Korea that the degradability of vegetables varied from 65-70% with a methane yield of 0.49 L g -1 vs at 35ºC after 40 days HRT, whereas Zhang et al. [68] have equally noted that food waste contained appropriate nutrients for anaerobic microorganisms and through batch digestion under thermophilic conditions (50ºC) after 28 days, biogas was produced at a magnitude 0.44 L g -1 vs. However, we have selected two practical applications as examples to demonstrate the benefits of AD as follows:
Case Study I: Chen et al. [69] have shown that a centralized anaerobic digester system in the area of Sacramento, California, for the production of biogas energy has a yield between 530-750 m 3 ton -1 of waste consisting of five types of food wastes from a soup processing plant, a cafeteria, a commercial kitchen, a fish farm, and grease trap collection service. These five waste streams were successfully digested both individually and as a mixture. Fish and grease trap wastes showed microbial inhibition during the initial period of batch digestion under thermophilic conditions, causing a one-to-two week lag phase in biogas production; meanwhile, continuous digestion of the mixed food wastes under mesophilic conditions was successful and was performed with other nutrient-rich materials such as animal manure and meatbased products. The resulting digestate contained many nutrients and could thus be used as a plant fertilizer.
Case study II: Alaa El-Din et al. [70] and experience in the prevailing temperature, and the digester has a biogas yield of 417 m 3 ton -1 of organic wastes. It also showed great success with a payback period of less than six months for the starting investments. The literature reported that the resulting digestate is about 40% from the total input and is suitable to be used in agriculture.
In the second scenario, we suggest that AWs are suitable to be composted by aerobic digestion in order to be converted into organic fertilizers and soil amendments. This process takes place within a minimum composting time of one month in the turned windrow procedure followed by at least two months in a curing pile. Afterward the compost is ready to be spread or bagged and marketed [56] . Experimental results showed that a mixture consisting of 60% cattle manure and 40% green waste allowed for the highest process temperature and organic material decomposition [55] producing compost of up to 55% from the initial substrate [71] . A study was conducted to assess compost production on a large commercial scale using three different AWs such as date trees, olive trees, and maize mixed with sheep manure. Results of this study indicated the importance of mesophilic aerobic cellulose decomposing bacteria, and compost was produced in 53-55% from the initial input after 90 days [72] .
We have selected two practical applications from Egypt in the prevailing temperature and work conditions to demonstrate the benefits of aerobic digestion as follows:
Case ), which was 70% of the total processed organic waste by weight [73] .
Case study IV: The Dutch Louis Bolk Institute [74] reported in 2010 about a composting facility in Alexandria that processed AWs in 2008/2009. These AWs consisted of rice straw 1.324, wood shavings 0.785, poultry manure 2.389, cow manure 20.028, clay 11.916, and green waste (water hyacinth from irrigation channels) 5.211 tons. The composting process in windrows and took six weeks. The total input was 41.653 tons and the total compost yield was 17.560 tons, which was 42% of the total input. Case study III supports composting feasibility of organic wastes by showing a profit starting from the second year. This is an evidence of success, whereas case study IV showed that the compost yield of AWs was about 42% from total input. The data above reveal that the final production of compost by applying aerobic digestion ranged between 42% and 55%. We took in scenario 2, the lowest yield (42%), to be applied in the second suggested scenario.
Conclusions
Based on the previous discussion we concluded that bioconversion of Egypt's AWs with mixed substrates can be an effective treatment option to contribute to minimizing environmental and health problems that usually result from the improper treatment of those wastes. Herein, we suggest two scenarios for treating AWs in Egypt. The first scenario is applying AD followed by maturation for the digestate to treat an amount of 24.3×10 6 ton year -1 of AWs, producing 12.6×10 9 m 3 year -1 biogas and 9.7×10 6 ton year -1 digestate. The biogas yield equals 7.6 10 9 m 3 of NG. The second scenario is applying aerobic digestion onsite to produce about 10.21×10 6 tons year -1 compost from the same amount of AWs. Both AD and aerobic digestion techniques can be applied using small-scale and/or semicentralized plants. The generated biogas can be used in domestic and industrial activities, and the natural compost can be used to improve the quality of soil and positively developing agriculture in the rural areas in Egypt, and it can also be used in landscaping. These rough calculations are indicative for decision makers but they need more investigation. Agricultural Table 3 . Feasibility of Mansoura composting plants in Egyptian pounds [73] .
